Abstract-A method is presented for estimating the compression wave velocities of organic fluids, based only on their density and molecular properties. The method is applied to a search for very low-speed ultrasonic couplants, suitable for 250 MHz acoustic microscopy studies of epoxy materials. Experimental measurements confirmed that acoustic velocity could be predicted within 3% for simple fluorine-containing organic compounds, and within 10% for those with a more complex molecular structure. The compound 2-dichloropentafluoropropane (CSHClzFs), with a compression wave velocity of CL = 638 m/s and acceptably low attenuation coefficient, was identified as a good coupling agent for acoustic microscopy studies of low speed materials.
I. INTRODUCTION
HE HIGH resolution capability of acoustic microscopy T makes it a suitable technique for depth profiling the mechanical properties of transition layers in sectioned specimens. A few attempts have been made to ultrasonically characterize the epoxy-adherend interfacial region in the cross section of an adhesive joint [l] . There is believed to be an epoxy "interphase" region of up to several microns thickness adjacent to the interface whose properties play a key role in environmental degradation of the bond [2]- [4] . Certain problems emerge in the application of commercial acoustic microscopy equipment to this task:
(1) A standard method of operation of an acoustic microscope is to subject the surface to a toneburst signal and evaluate the signal voltage, V, received back by the instrument as a function of the distance, z , to the surface. V ( z ) normally displays an oscillatory pattern due to the interference of a specularly reflected longitudinal wave and an induced leaky Rayleigh wave (Fig. 1) . In commercial acoustic microscopes, the objective lens is designed for water as the coupling agent, and the Rayleigh wave is excited by irradiating the surface with waves at a maximum incident angle, 8 , of approximately 50 degrees. From Snell's Law, however, it is not possible under such conditions to induce a Rayleigh wave in a low-speed medium such as epoxy, which has a shear wave speed of the order of 1100 m/s. Manuscript received January 29, 1996; accepted July 12, 1996 . Financial support for this project provided by the Natural Sciences and Engineering Research Council (NSERC) of Canada, and the MCHE of Iran.
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It is still possible to use sub-surface (lateral compression) waves in the study of such low-speed materials, but with two major drawbacks. First, lateral compression waves decay geometrically with depth, and would therefore be significantly affected by both surface and sub-surface material properties. By contrast, Rayleigh wave speeds are affected only by material properties up to depths of the order of 1 wavelength. Second, the major contrast mechanism in the imaging mode of the acoustic microscope is in Rayleigh wave interactions; it is therefore anticipated that Rayleigh waves offer the best prospect of providing good contrast in data collected on plastic specimens.
(2) Certain material surfaces can become measurably altered when exposed to the water couplant. The relatively small size of the water molecule and its chemical nature may lead to rapid water absorption. For some epoxy materials, the use of a couplant with molecules significantly larger than those of water may reduce the likelihood of surface contamination.
To address these challenges, it is necessary to identify an alternative coupling agent that has a large molecular structure, low acoustic velocity (longitudinal wave speed CL E 800 m/s), and sufficiently low attenuation at frequencies up to several hundred megahertz to lead to acceptable signal-to-noise ratios. An enormous number of organic molecules, both natural and manufactured, satisfy the criterion of sufficiently large size to inhibit rapid absorption by an epoxy surface. However, the vast majority of these fluids have never been characterized with regards to their wave speed or attenuation coefficients, and it is not practical to measure individually the acoustic properties of them all. Unfortunately, there is currently no generally accepted method for a priori estimation of such properties based solely on the published chemical data for these fluids.
The objective of this work was to develop a method to rapidly identify possible candidates for a coupling agent to be used in the acoustic microscopy of epoxy adhesives at an operating frequency of 250 MHz. This list was then narrowed to two or three fluids that best met the requirements of low attenuation coefficient, low longitudinal velocity, acceptable boiling and melting points, commercial availability, and acceptable health and safety criteria.
There [9] , and later Briggs [lo] , proposed that a "coefficient of merit" be assigned to characterize a fluid's suitability as a high frequency ultrasonic couplant ; good couplants were defined as those that had low attenuation, plus low acoustic velocity. These researchers were not interested in low velocity fluids from the standpoint of generating surface waves on plastics or adhesives; rather, they recognized that for a given frequency, the acoustic wavelength varies linearly with velocity, and short wavelengths correspond to a finer theoretical limit on the resolving power of the acoustic microscope. Although these researchers characterized several fluids with regards to their acoustic velocity and attenuation, none were suitable candidates for the present work, and no systematic method was proposed for a priori identification of fluids with the desired ultrasonic properties.
Briggs [lo] suggested that methanol might be a suitable candidate to generate surface waves on slow materials, but its acoustic velocity is still too large for the current appli- Despite the many attempts and progress in correlating acoustic velocity to the molecular properties of fluids, there has been little parallel progress in numerical predictions of the ultrasonic attenuation coefficient, a , for organic fluids. This is hardly surprising, considering the large number and complexity of attenuation mechanisms and the intricacy of large organic molecules. As theoretical estimates of attenuation coefficients will not be available to screen possible candidates for coupling agents, values of a must be measured individually, assuming that the list of candidates can be first reduced to a manageable size.
To limit the search to a reasonable size, the list of candidate couplants was confined to the fluorine-containing compounds with less than four carbon atoms; previous work by several researchers has indicated that this group may have members with relatively low values of C L and a. This list was then narrowed by including only those fluids whose estimated acoustic velocities, based only on published chemical and physical data, are less than about 800 m/s. Those fluids satisfying additional minimum criteria regarding boiling point, melting point, health risk, and commercial availability, were evaluated further through ultrasonic tests.
THEORY
Schaffs' technique for predicting acoustic velocity is based on the assumption that the pressure, p , and molar volume, V , of a liquid can be related by a van der Waal equation. Following the notation of [7] , 
where V = M / p . The second term in (4) is much smaller than the first, and may be thought of as a correction to account for the presence of heavy atoms or atomic groups in the molecule. The proportionality constant W has an approximate value of 4450 m/s. The parameter /3 is determined by summing the contributions from the molecule's constituent atoms and atomic groups, each weighted by a parameter Q;:
Values for the parameters Ai and Qi, as determined by Schaffs, are shown in Table I for several atoms and atomic Initial estimates for the parameters Ai and Qi for fluorine were made by extrapolating the Table I values for bromine, iodine, and chlorine as functions of molecular weight. These preliminary estimates were then refined as follows. First, three organic fluids containing fluorine were located for which published values of acoustic velocities were readily available: CGHSF 1111, C~H~F G
[la], C~F I~ 1131. The estimates of Ai and Qi for fluorine were then refined to minimize the least squares difference between the published values of C L for these three fluids, and speeds calculated from (4). These steps, plus later refinements, led to estimates of Ai = 3.844 cm3 and Qi = 1.815 cm3 for fluorine atoms bonded to carbon. These data were then added to Table I to allow a preliminary search for coupling fluids that would be candidates for acoustic microscopy studies of epoxy surfaces.
The compression wave velocities for over 200 halogencontaining fluids that have three or fewer carbon atoms were then estimated according to (4), using published data for the density of each fluid. From the list of 200 compounds, those with estimated compression wave speeds of more than approximately 800 m/s, unsuitable boiling points, excessive toxicity, or commercial unavailability were eliminated from further investigation. This produced a list of nine candidate fluids, shown in Table 11 . For purposes of comparison, couplants suggested by other researchers for acoustic microscopy studies are also shown (6) through (8).
in Table 11 : water, methanol, ethyl-iodide, methyl-iodide, FC-72, and DOW-200.
The wave velocity and attenuation factor at 28.5"C were then measured for each of the fluids of Table 11 , using the apparatus shown in Fig. 2 . The Wavetek 3006 generator produces a 250 MHz continuous sine wave, with a frequency accuracy of 3~0.001%. This wave is split in two: one part is chopped to produce a 500 ns toneburst and passed through isolation switches to a 250 MHz ZnO piezoelectric layer deposited on a sapphire rod. The transducer sends the ultrasonic signal through a small control volume containing approximately 0.1 ml of the test fluid, maintained at 28.5"C, f0.2"C. The signal is bounced off a sapphire reflector immersed in the fluid, whose vertical position, z , is controlled by a mechanical stage with a nominal resolution of 0.013 pm, and an absolute accuracy of fl pm. The reflected signal is passed back through the probe, impedance matching circuitry, and isolation switch to a pre-amplifier. This reflected signal is then automatically sampled by an oscilloscope for up to 1000 different values of z , spanning a total range of approximately 100 pm. These 1000 echo signals are then fed to a personal computer for analysis, together with the other half of the split sine wave coming directly from the generator. Timing for the sampling and switching operations is controlled by a WAVETEK 166 signal generator.
The sampled continuous sine wave has a circular frequency, w, corresponding to 250 MHz, and a constant amplitude assigned the symbol XI. The ultrasonic echo signal is represented by C1 sin(wt + $), where the amplitude C1 is a function of z , as
In the numerator of (6), X2 is a proportionality constant, and the exponential represents the attenuation relative to the position z = 0 for the sapphire reflector. The denominator accounts for the approximate 1/r dependence of the beam divergence (diffraction) loss in the far-field of the transducer, where X3 is the fluid-equivalent distance from the transducer to the reflector at z = 0. Because the value of z never exceeds about 100 pm, and X , is of the order of 50 mm, the denominator of (6) is essentially constant. The phase, 4, of the echo signal is also a function of z:
where the parameter X, is included as a reference point for the phase, and Xs is the ultrasonic wavelength at 250 MHz. Through digital subtraction of the echo signal from the continuously sampled sine wave, an interference waveform is obtained with amplitude
Substituting expressions for Cl and 4 from (6) and (7) into ( 8 ) , and assigning the parameter X, to the attenuation coefficient a, yields an expression for Y ( z ) for each fluid as a function of X I , . . . , X,, and 2. An optimization routine was then used to determine the best six values of the X i for each fluid, through comparison of (8) with the measured voltage levels Y ( z ) . The excellent fit between measured voltage levels and ( 8 ) , after parameter optimization, is shown in Fig. 3 for the fluid 2-dichloropentafluoropropane. This procedure was repeated for each of the fluids in the top portion of Table 11 , and the wave velocities were calculated by multiplying the wavelength X5 by 250 MHz. Values of C L and attenuation coefficient, a , obtained from these measurements are shown in Table 11. IV. DISCUSSION From Table 11 , it is readily seen that (4) is a reliable indicator of the acoustic velocity for most of the fluids for which experirnental measurements were made. As noted by Schaffs, the theoretical estimate for C L is most accurate for relatively simple molecules; discrepancies of the (Table I ). In our evaluation of Qi for fluorine, insufficient velocity data were available to pursue such a course, and only a single Qi value of 1.815 em3 was obtained.
For the generation of Rayleigh waves on an epoxy surface through acoustic microscopy, the couplant's acoustic velocity should be less than 800 m/s, and preferably lower than 700 m/s. Despite its highly-desirable low attenuation characteristics, the velocity of Dow-200 is relatively high (870 m/s), and its low density leads to a severe impedance mis-match at the sapphire-couplant interface. Ethyl-iodide and methyl-iodide both have good attenuation characteristics but relatively high acoustic velocities for our purposes (844 and 824 m/s, respectively), and methyl-iodide is difficult to work with safely. The refrigerant 2-dichloropentafluoropropane emerges as the couplant of choice in terms of a compromise between low values of C L and a (638 m/s, and 124 dB/mm, respectively).
Although these measurements were conducted at 250 MHz, the attenuation factor at other frequencies may be estimated by assuming a linear variation with frequency squared. However, such a scheme is unlikely to be adequate for extrapolating the present data to the upper frequencies of 1-2 GHz at which acoustic microscopy may be used. closely to a calculated value of 1.20 mm/ps h2%, based on densities of the fluid and epoxy plus bulk wave velocity measurements on the epoxy at 25 MHz. The longer period of 35 pm in the same figure leads to an estimate for a wave propagation velocity of 2.44 mm/ps in the epoxy. It is concluded that this velocity corresponds to the lateral compression wave, based on the proximity of this velocity to the bulk compression wave speed of 2.48 mm/ps il% measured at 25 MHz. In addition, one can see a very short-period, low amplitude signal superimposed on the unfiltered spectrum of Fig. 4a . The short period is equal to half the wavelength of the 250 MHz signal in the coupling fluid; this feature is produced primarily by the unwanted echoes from the rim of the lens cavity.
V. CONCLUSIONS
A method has been presented for estimating the compression wave velocities of organic fluids that are candidates for acoustic microscopy studies of low-speed materials. The method requires as inputs only molecular constants that are commonly available in chemical reference books, plus the parameters Ai and Qi that characterize each type of bond within an organic molecule. Values for these parameters were determined for C-F1 bonds in this study, and added to the list of data previously compiled by Schaffs [6] . The theoretical work was followed by experimental measurements of acoustic velocity and attenuation on nine fluorine-containing compounds, leading to the identification of several good candidates for couplants. The best candidate for acoustic microscopy of epoxy surfaces was identified as 2-dichloropentafluoropropane
